Abstract-The interface recombination velocity (IRV) at the interfaces in CdTe/Mg x Cd 1-x Te double heterostructures (DHs) is studied using time-resolved photoluminescence. It is found that both thermionic emission and tunneling effects can cause photogenerated carrier loss over or through the Mg x Cd 1-x Te barriers, either due to the low barrier potential or the thin barrier thickness. Thus, carrier lifetime measurements reveal only an effective IRV. The thermionic emission induced interface recombination can be distinguished by conducting temperature-dependent carrier lifetime measurements, and the tunneling induced IRV can be quantified by comparing samples with different barrier thicknesses. When both thermionic emission and tunneling effects are suppressed or even eliminated, the actual IRV (due to the recombination at the DH interface trap states) is measured to be ∼1 cm/s, with a very long carrier lifetime of 3.6 µs achieved in the DHs.
; however, this value is still much lower than the Shockley-Queisser limit of ∼32% for CdTe under AM1.5G radiation [2] . While the short-circuit current density has reached its limit (∼30 mA/cm 2 ), the open-circuit voltage of polycrystalline CdTe solar cells is still low (∼0.9 V) [3] . Strategies to further increase the open-circuit voltage and thus the cell efficiency include the improvement of carrier lifetime, absorber doping concentration, surface passivation, etc. [4] .
Our previous work demonstrated high-quality monocrystalline CdTe grown on a lattice-matched InSb (001) substrate using molecular beam epitaxy (MBE) [5] [6] [7] . With Mg as the barrier and surface passivation layer for the CdTe absorber, the carrier lifetime of CdTe/Mg x Cd 1-x Te double heterostructures (DHs) was measured as long as 0.83 μs and the interface recombination velocity (IRV) was as low as 30 ± 10 cm/s [7] . Similar results have been reported by other groups [8] [9] [10] . In this paper, the recombination mechanisms at the CdTe/Mg x Cd 1-x Te interface are studied in detail. Temperaturedependent time-resolved photoluminescence (TRPL) measurements are carried out and a theoretical model is developed to explain the thermionic emission induced carrier loss process. Very long carrier lifetimes (3.6 μs) and low IRV (∼1 cm/s) are measured when both thermionic emission and tunneling effects are suppressed. The ultralow IRV, close to the best of GaAs/In 0.5 Ga 0.5 P DHs (1.5 cm/s) [11] , indicates that Mg x Cd 1-x Te can be an ideal surface passivation layer for CdTe. Such a high-quality material system has enabled the recent highperformance CdTe solar cells with 17.0% efficiency and 1.096 V open-circuit voltage [12] which is even higher than an earlier reported value of 1.017 V [13] . This paper is an enhanced version of the one published in the Proceedings of the 43rd IEEE Photovoltaic Specialists Conference [14] . In this enhanced paper, more in-depth discussion on temperature-dependent carrier lifetime is included and the equation of thermionic emission induced interface recombination is derived.
II. EXPERIMENTS
CdTe/Mg x Cd 1-x Te DHs, as shown in Fig. 1 [14] , are grown on lattice-matched InSb (001) substrates using MBE. Detailed growth conditions have been reported previously [5] . A CdTe cap layer is grown to prevent Mg x Cd 1-x Te from oxidization in the atmosphere. Fig. 2 shows a schematic band edge alignment between CdTe and Mg x Cd 1-x Te. Mg x Cd 1-x Te acts as a barrier layer so that photogenerated carriers can be confined inside the middle CdTe layer. The ratio of the conduction and valance band offset is assumed to be 70-30% and the MgTe band gap is assumed to be 3.0 eV, per the measurement in [15] . When the sample is excited by a pulsed laser, the excess carriers (represented by the dots and circles) can recombine either radiatively or nonradiatively through Shockley-Read-Hall (SRH) recombination centers in the CdTe bulk region, through interface trap states, or escape the middle CdTe layer through thermionic emission over and tunneling through the barriers. The total carrier recombination 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. (or loss) at the interface is referred to as the effective interface recombination. It is assumed that when carriers reach the top CdTe cap layer, they quickly recombine due to the very high surface recombination velocity, and when they reach the bottom CdTe buffer layer, they will mostly diffuse into the InSb buffer layer and recombine there. TRPL measurements are carried out using a time-correlated single-photon-counting system. The excitation sources include an ultrafast Ti:Sapphire laser and a Fianium fiber laser. The samples, with CdTe middle layer thickness d larger than 0.3 μm, are excited by a Ti:Sapphire laser with a 750 nm output wavelength. For samples with thinner CdTe layers, the Fianium laser with a 550 nm output wavelength is used to ensure full absorption of the laser light. The detection wavelength is set to 820 nm which is the PL peak of CdTe. It is estimated that the background carrier concentration of the CdTe layer is in the 10 14 − 10 15 cm
range based on capacitance-voltage measurements [16] . The carrier lifetimes are all extracted at the low excitation region. Fig. 3 shows the PL decay of the sample with the longest carrier lifetime. The initial excess carrier density is estimated to be in the 10 13 cm -3 level so that the low level injection condition can be satisfied. Single exponential decay is observed and the slope 
where τ bulk is the bulk carrier lifetime in the CdTe middle layer, S eff is the effective IRV (S SRH , S therm , S tunnel are due to SRH interface recombination, thermionic emission, and tunneling induced interface recombination, respectively), and d is the thickness of the CdTe middle layer. It is sometimes assumed that τ bulk is a constant [17] , since the bulk recombination lifetime is dominated by nonradiative recombination. However, this assumption is not valid for high-quality direct bandgap semiconductors such as the case here, because radiative recombination also contributes to the bulk recombination lifetime:
As shown in (2), the bulk carrier lifetime consists of radiative lifetime τ rad and bulk SRH lifetime τ SRH,b (neglecting Auger recombination). Radiative lifetime is related to photon recycling factor γ, the radiative recombination coefficient B, and the effective doping concentration N D . The photon recycling factor represents the average probability that a radiative recombination generated photon can be reabsorbed, and increases as CdTe becomes thicker. Thus, radiative lifetime increases with a thicker CdTe layer. For samples with very long carrier lifetimes (such as samples with 30 nm Mg 0.46 Cd 0.54 Te barriers), where radiative recombination dominates at room temperature (to be discussed later), the thickness-dependent carrier lifetime is primarily due to the photon recycling effect rather than interface recombination. Thus, radiative lifetime is subtracted from the effective carrier lifetime and nonradiative lifetime τ non as shown in (3), and is used for the determination of effective IRV. The estimation of radiative lifetime and detailed fitting method can be found in previous reports [7] , [12] :
Table II summarizes the effective IRV as a function of barrier layer thickness and Mg composition. It is found that for samples with 30 nm thick barriers, as the Mg composition increases from 24% to 46%, the effective IRV decreases dramatically from 470 cm/s to only 1.4 cm/s. For the same Mg (46%) composition, the IRV increases to 30 cm/s when the barrier thickness is reduced to 15 nm.
It is proposed that for samples with lower Mg composition barriers (24% and 36%), but still with sufficient thickness (20-30 nm), the effective IRV is mainly attributed to the carrier loss due to thermionic emission of excess carriers over the barriers. For samples with thinner barriers (15 nm), but still with high Mg composition (46%), the effective IRV is mainly attributed to the excess carriers tunneling through the barrier layers. When both thermionic emission and tunneling effects are suppressed, the measured IRV (∼1 cm/s) is purely due to recombination through interface trap states, i.e., SRH interface recombination. Such a low IRV indicates that the interface quality between CdTe and Mg x Cd 1-x Te is close to perfection.
Temperature-dependent lifetime measurements are used to distinguish the different recombination mechanisms. As shown in (4), radiative lifetime is proportional to T 1. 5 and it decreases with decreasing temperatures, since B = B 300 K (300 K/T ) 1.5 has larger values at lower temperatures [18] . Here, the majority carrier concentration N D is assumed to be insensitive to temperatures, since the activation energy of the possible background dopants (indium) is only 14 meV [19] . The photon recycling factor is also assumed to be a constant, since the absorption coefficient near the band edge is insensitive to temperature changes [20] . The SRH recombination lifetime, both in the bulk τ SRH,b and at the interfaces τ SRH,i , shown in (5) and (6), increases with decreasing temperature, since the thermal velocity (v th ) of carriers is slower at lower temperatures and carriers with effective mass m * are less likely to be captured by defects (with density of N T or N iT and capture cross section of σ p or σ ps ). In (7), the thermionic emission induced interface recombination lifetime τ therm is proportional to T −0.5 and exp(ΔE/kT), where the ΔE term is related to the conduction and valance band offsets between CdTe and Mg x Cd 1-x Te (see Appendix for detailed derivations). The thermionic emission induced interface recombination lifetime increases with decreasing temperatures, and it is very sensitive to temperature changes:
Temperature-dependent TRPL measurements are carried out for samples # 2, 7, and 11, which have 30 nm thick barrier layers, but with different Mg compositions (i.e., barrier potential), and a 500 nm thick CdTe middle layer. The tunneling-induced interface recombination can be ignored in these samples due to the thick barrier layers. Fig. 4 shows the results for the three samples, and Figs. 5-7 show the carrier lifetime fitting using different recombination mechanisms [14] .
The sample in Fig. 5 has the lowest Mg composition (24%) and thus the lowest barrier potential [14] . At higher temperatures, the carrier lifetime can be fitted very well by thermionic emission induced interface recombination lifetime. An activation energy of 170 meV is achieved for the thermionic emission process, which is between the value of the conduction band offset, 252 meV, and valance band offset, 108 meV, at the CdTe/Mg 0.24 Cd 0.76 Te interface. It indicates that the theriomic emission induced recombination process is dependent on the emission of both electrons and holes. Once the temperature is reduced below 150 K, radiative recombination starts to dominate. The fitted room temperature radiative lifetime is 2.4 μs. If the room temperature radiative recombination coefficient B of 4.3 × 10 −9 cm 3 ·s −1 is assumed [21] , and with calculated γ = 0.75, the fitted background doping concentration is 3.9 × 10 14 cm −3 , which is close to the estimated value. Fig . 6 shows the carrier lifetime of the sample with higher Mg composition (36%) [14] . A higher activation energy (280 meV) is fitted for the thermionic emission process, which is also between the conduction band (378 meV) and valance band offset (162 meV) values. Since the barrier height is larger than the sample in Fig. 5 , the room temperature carrier lifetime is greatly enhanced. Radiative lifetime starts to dominate at temperatures below 220 K which is also higher than the previous sample. A similar room temperature radiative lifetime is fitted.
The sample in Fig. 7 has the highest Mg composition (46%) in the barrier, and thus starting from room temperature, radiative recombination dominates [14] . The lifetime decreases with decreasing temperature just as the radiative lifetime model predicts. A similar room temperature radiative lifetime is fitted, indicating the consistency of this method. PL quantum efficiency measurements [22] have shown that at room temperature, the recombination process is ∼90% radiative in this sample when the laser power density is only 100 mW/cm 2 . 
APPENDIX: DERIVATION OF THERMIONIC EMISSION INDUCED INTERFACE
RECOMBINATION LIFETIME Fig. 8 shows the band diagram of CdTe/Mg x Cd 1-x Te DHs at equilibrium. The material is intrinsic n-type and thus the Fermi energy E f at equilibrium is closer to the conduction band edge. ΔE c and ΔE v represent the conduction and valance band offset, and qΦ B ,n and qΦ B,p represent the potential difference between the equilibrium Fermi energy and the Mg x Cd 1-x Te conduction and valance band edge. Fig. 9 shows Fermi energies for CdTe/Mg x Cd 1-x Te DHs after being excited by a laser pulse. It is assumed that the IRV is sufficiently small so that the carriers can quickly distribute uniformly and thus, the electron and hole quasi-Fermi levels are flat in the CdTe layer. Assuming that carriers can quickly recombine when they reach the sample surface or bottom CdTe buffer layer, the quasi-Fermi level separation is then zero outside the CdTe/Mg x Cd 1-x Te DH region. As carriers recombine, the quasi-Fermi level separation in the CdTe region will gradually decrease to zero and the sample reaches its equilibrium state again.
From the classic thermionic emission theory [23] , the current flows from the middle CdTe layer to the top or bottom layers are as follows: 
where A * is the Richardson constant:
J n and J p represent the electron and hole current density, respectively. The barrier potential (qΦ B ,n and qΦ B ,p ) limits the dark current and the quasi-Fermi energy (qV n and qV p ) acts as a driving force for J n and J p . Under Boltzmann statistics: (14) It must be noted that τ therm,n and τ therm,p should have the same value, otherwise charges will build up at the surface and the bottom layers. Therefore, (13) and (14) and Fig. 9 may not be suitable in a real photoluminescence decay process. Band bending may equalize τ therm ,n and τ therm,p . A more generalized equation is given in the following form, where ΔE is a value between the conduction and valance band offsets, and m * is an effective carrier mass:
